A B S T R A C T Daily carbohydrate intake of seven men with normal weight was limited to 220-265 g/d for 6 d and then increased to 620-770 g/d for 20 d, while intake of protein, fat, and sodium remained constant. Carbohydrate overfeeding increased body weight by 4.8%, basal oxygen consumption (Vo2) by 7.4%, BMR by 11.5%, and serum triiodothyronine levels by 32%. Overfeeding did not affect the thermic effect of a standard meal. Intravenous propranolol reduced the thermic effect of a meal by 22% during the base-line feeding period, and by 13% during carbohydrate overfeeding, but did not affect preprandial Vo2. Overfeeding attenuated the rise in plasma glucose and FFA levels induced by infusion of norepinephrine, but had no effect on the increase in Vo2 induced by norepinephrine. Overfeeding did not alter 24-h urinary excretion of vanillylmandelic acid, supine plasma catecholamine levels (pre-and postprandial), blood pressure, or plasma renin activity, but increased peak standing plasma norepinephrine levels by 45% and resting pulse rate by 9%. Even though short-term carbohydrate overfeeding may produce modest stimulation of sympathetic nervous system activity in man, the increase in thermogenesis induced by such overfeeding is neither suppressed by beta adrenergic blockade nor accompanied by an increased sensitivity to the thermogenic effects of norepinephrine. These data do not support an important role for the sympathetic nervous system in mediating the thermogenic response to carbohydrate overfeeding.
INTRODUCTION
During experimental overfeeding, weight gain in many individuals falls short of what would be pre-dicted from the amount of excess energy consumed (1) . Since absorption of nutrients is not impaired by overfeeding (2) , this phenomenon must be related to increased energy expenditure (thermogenesis) during periods of overnutrition. This adaptive increase in metabolic rate was initially referred to as "luxuskonsumption", and currently is often called dietary or adaptive thermogenesis. The mechanisms of dietary thermogenesis in man remain obscure, although an increase in lean body mass (LBM)' and triiodothyronine (T.3) production during overfeeding may contribute to an elevated metabolic rate (3, 4) .
Recent studies (5) (6) (7) (8) suggest that dietary thermogenesis in rats is related to increased sympathetic nervous system activity (norepinephrine turnover), and increased thermogenic responsiveness to norepinephrine. To determine if a similar mechanism is present in man, we have examined the effect of acute beta adrenergic blockade, which eliminates dietary thermogenesis in rats and pigs (5, 9) , on resting metabolic rate (RMR) before and after carbohydrate overfeeding, and have examined the effect of overfeeding on the thermic response to norepinephrine. The subjects were overfed with carbohydrate because previous studies have suggested that the carbohydrate in the diet may be more important than other nutrients in mediating the sympathetic nervous system response to dietary alterations (10) (11) (12) .
In order to estimate the effect of overfeeding on sympathetic nervous system activity, we measured urinary excretion vanillylmandelic acid (VMA) and plasma norepinephrine levels, both of which fall during caloric restriction in obese subjects (12, 13) . The effect of overfeeding on blood pressure, pulse rate, and plasma renin activity also was examined, since stimulation of sympathetic nervous system activity by overfeeding is a potential factor in hypertension of obese subjects.
METHODS
Seven men, 19-36 yr old, were admitted to the Clinical Research Center for 26 d. At admission, their mean body weight was 69 kg (range 58-89 kg), which was 95% (83-113%) of ideal body weight (14) . Mean daily intake during the first 6 d of the study was 9.12 MJ (megajoules) ( Table I) . Protein contributed -15% of total energy, fat, 40%; and carbohydrate, 45%, as calculated from standard food tables (15) . Caffeine intake was limited to no more than 3 cups of coffee/d or the equivalent, and was kept constant in each individual. Sodium intake was maintained at 150 meq/d throughout the study. The first meal each day consisted of 10 kcal/kg ideal weight of a liquid meal (Ensure, Ross Laboratories Div., Abbott Labs, [Columbus, OH] ) that contained 14% of energy as protein, 31% as fat, and 55% as carbohydrate.
During the final 20 d of the study, this basic diet was supplemented with solutions of partially hydrolyzed corn starch (Polycose, Ross Laboratories Div.) to bring mean total energy intake to 16.69 MJ/d (Table I ). The total intake of nutrients other than carbohydrate remained constant, but their proportion of total energy fell (8% protein, 22% fat), whereas the proportion of energy as carbohydrate increased to 70%. The daily ration of Polycose was divided into three equal parts, one given at the midday meal (12-2 p.m.), one at the evening meal (5-7 p.m.), and one at night (8-11 p.m.).
Throughout the study, physical activity was kept constant. Two subjects lifted weights each day, an activity they had initiated before the study. No These values are based on data from standard food tables (15) , except for the increase in carbohydrate intake during overfeeding, which was all in the form of partially hydrolyzed corn starch.
All tests were done in the morning after the subject had fasted overnight. RMR was measured for 60 min before the standard morning meal (except on days 6 and 12 of overfeeding when preprandial RMR was measured for only 30 min), and for 120 min after the meal. At -30 min relative to the meal, after the first 30 min of RMR measurements, the saline or propranolol infusion was started. Propranolol (Inderal, Ayerst Laboratories, New York) was given as a 3-mg priming dose, followed by 80 jig/min for the remainder of the test.
Saline was given in the same volumes that were used as a vehicle for propranolol. Neither propranolol nor saline was administered in tests done on days 6 (16) (17) (18) .
Glucose levels of fresh plasma were measured by autoanalyzer (Beckman Instruments, Inc., Fullerton, CA). Heparinized plasma aliquots were frozen for later determination of FFA levels by a colorimetric procedure (19) . EDTAplasma was frozen for later determination of insulin (Cambridge Nuclear Corp., Billerica, MA) and plasma renin activity (Becton Immunodiagnostics, Becton-Dickinson & Co., Orangeburg, NY) levels by commercial radioimmunoassay kits. EGTA-plasma for norepinephrine levels was preserved with reduced glutathione and frozen until it was assayed by a radioenzymatic procedure (20) . T3 levels of -30-min serum samples were measured by radioimmunoassay (Clinical Assays, Inc., Div. Travenol Laboratories, Inc., Cambridge, MA).
Before the norepinephrine infusions, the effect of standing on blood pressure (n = 6), catecholamine levels (n = 6), and plasma renin activity (n = 5) was evaluated. Blood pressure and pulse rate were measured and blood samples were taken at -5, 0, 3, 5, and 10 min. Subjects were supine from -30 to 0 min, then stood at 0 min. Blood pressure and pulse rate also were measured each morning before breakfast while the subjects were supine.
Body weight was measured to the nearest 10 g every morning. LBM was estimated by 40K whole-body counting (21) , done twice in the base-line period and twice during the final week of overfeeding (except in one subject who had only a single determination before and after overfeeding). All urine was collected daily into a container with 20 ml of 6 N HCI and aliquots were assayed within 2 wk for VMA concentration (22) , except in the first subject studied.
Data were first analyzed by repeated-measures analysis of variance (23). Post hoc testing was then done with paired t tests only if the probability of the F ratio of the appropriate main effect or interaction was <0.05. Data are reported as mean±SEM. RESULTS There was a small decrease (0.9±0.1 kg) in body weight during the base-line period; overfeeding produced an initial rapid weight gain and then slower weight gain (Fig. 1) . The final mean weight was 3.3 kg above the mean weight at the end of the base-line feeding period (2.4±0.3 kg above admission weight). LBM increased in five of seven subjects; the mean LBM rose slightly from 62.3±3.9 to 63.7±4.4 kg (P < 0.10).
Basal Vo2 was 7.4% higher during the final week of overfeeding than basal Vo2 during the base-line period (Table II) . After adjustment for the elevated respiratory exchange ratio (0.85±0.01 during base-line diet and 0.98±0.01 during overfeeding) and reduced protein metabolism (72±7 g/d during base-line diet and 46±3 g/d during overfeeding) associated with overfeeding, this translated into an 11.5% increase in BMR. (In this paper, BMR refers to the RMR measured before any drug infusion or meals.) All points relating BMR to weight after overfeeding were above the regression line relating BMR to weight before overfeeding (Fig. 2) . The ratio of BMR to LBM was increased by 10%, and serum T3 levels were increased by 32% at the end of overfeeding (Table II) .
The thermic effect of the standard meal was not altered by overfeeding (Table III and Fig. 3 ). Both preprandial and postprandial Vo2 were elevated by overfeeding (overfeeding main effect, F(1,6) = 61.1, P < 0.001), and the increase in Vo2 after the meal was highly significant (time main effect, F(5,30) = 59.6, (Fig.  4) . The respiratory exchange ratio (Vco2/Vo2) was initially increased by norepinephrine, then it fell below basal values (time main effect, F(3,15) = 95.3, P < 0.001; Fig. 4 ). The respiratory exchange ratio was elevated by carbohydrate overfeeding (overfeeding main effect, F(1,5) = 15.9, P < 0.02), but the changes in respiratory exchange ratio induced by the norepinephrine infusion were not altered. Norepinephrine infusions increased Vo2 by 16% before overfeeding, and by 13% after overfeeding (Fig. 5) in Vo2 were significant (time main effect, F (3, 15) = 20.6, P < 0.001), but were not influenced by carbohydrate overfeeding (overfeeding X time interaction, P > 0.5).
There was no effect of overfeeding on basal plasma norepinephrine (Table IV) or epinephrine levels. Plasma norepinephrine, but not epinephrine, levels were increased by meals (time main effect, F(2,12) = 10.8, P < 0.002) by an average of 28% 2 h after the meal for all studies combined, but overfeeding did not alter this response (overfeeding X time interaction, P > 0.5). There was also a large increase in plasma norepinephrine levels during the first 10 min after standing (time main effect, F(2,10) = 57.5, P < 0.001), and this response was enhanced by overfeeding (overfeeding X time interaction, F(2,10) = 4.44, P < 0.05). The peak standing norepinephrine levels during overfeeding were 45% higher than those observed during the base-line diet (Table IV) . Epinephrine levels were in- creased by standing (time main effect, F(3,15) = 4.37, P < 0.03), but overfeeding had no effect on this response (28±3 pg/ml supine and 112±47 pg/ml 10 min after standing in base-line test, compared with 34±12 and 66±18 pg/ml at corresponding times of test at end of overfeeding). VMA excretion was the same before and after overfeeding, either when all days of overfeeding were averaged (Table IV) or when data were analyzed in blocks of 5 d (time main effect, P > 0.35). Supine systolic and diastolic pressures after overnight fasting (mean of 5-d blocks) were unaffected by overfeeding (overfeeding main effect, P > 0.20), but supine pulse rate increased gradually from 59.9±1.9 beats/min during the final 5 d of the base-line diet to 65.2±3.0 beats/min during the final days of overfeeding (overfeeding main effect, F(4,24) = 2.96, P < 0.05). The standard morning meal increased mean pulse rate (compared with 0-min values) by 11 beats/ min (time main effect, F(3,18) = 18.1, P < 0.001) and mean systolic pressure by 6 mmHg (time main effect, F(3,18) = 10.6, P < 0.001), and decreased mean diastolic pressure by 5 mmHg (time main effect, F (3,18) = 11.2, P < 0.001). Propranolol did not alter the effect of the meal on blood pressure, but mean pulse rate increased after the meal by only 4 beats/min during propranolol infusion (drug X time interaction, F (3,18) = 6.45, P < 0.004). Overfeeding did not alter the changes in blood pressure or pulse rate associated with the meal. Standing reduced mean systolic pressure by 11 mmHg at 10 min (time main effect, F(3,15) = 6.01, P < 0.01), increased mean pulse rate by 20 beats/min (time main effect, F(3,15) = 22.8, P < 0.001), and did not affect diastolic blood pressure. Carbohydrate overfeeding did not alter these responses to standing. During the norepinephrine infusion, mean systolic pressure rose from 107±5 mmHg at 0 min to 142±5 mmHg at 60 min of the base-line test and from 113±3 mmHg to 137±4 mmHg after overfeeding (time main effect, F(4,20) = 136, P < 0.001). Diastolic pressure increased from 70±3 mmHg at 0 min to 85±3 mmHg during both norepinephrine infusions (time main effect, F(4,20) = 27.3, P < 0.001).
Plasma renin activity was increased (peak response 68%) by standing (time main effect, F(1,4) = 14.8, P < 0.02) and by the standard morning meal (Table V; time main effect F(3,18) = 7.21, P < 0.003). Norepinephrine infusion did not significantly increase plasma renin activity. Overfeeding did not alter basal plasma renin activity or responses to standing, feeding, and norepinephrine infusion (overfeeding main effects, P > 0.6). Propranolol reduced mean preprandial plasma renin activity by 27% (for all tests combined) and postprandial plasma renin activity by 35% (drug X time interaction, F(3,18) = 26.1, P < 0.001), but the effect of propranolol was not altered by overfeeding (drug X time X overfeeding interaction, P > 0.5; Table V) . DISCUSSION Subjects who are overfed a cumulative excess of at least 20,000 kcal (84 MJ) typically exhibit increased thermogenesis, but the mechanism for this phenomenon remains open to question (1, 2, 24, 25) . Recently, there has been much interest in the hypothesis that dietary thermogenesis is related to increased sympathetic nervous system activity. Young and Landsberg (6, 7) and Rappaport et al. (8) have shown that the overfeeding of sucrose increased norepinephrine turnover in heart and other tissues in rats. Rothwell and Stock (5) reported that overfeeding approximately doubled the increase in Vo2 induced by norepinephrine injections in rats, and that acute administration of the beta adrenergic antagonist propranolol reduced the Vo2 of overfed rats to levels observed in normally fed rats. Similarly, Dauncey and Ingram (9) found that acute propranolol administration inhibited thermogenesis in pigs fed ad lib., but not in pigs fed a restricted diet. These findings suggest that dietary thermogenesis is related to some combination of increased Values are expressed as nanograms angiotensin I generated per milliliter of plasma per hour at 370C at pH 7.4; mean±SE. Propranolol infusion was started after -30-min blood sample, and standard morning meal was given after 0-min blood sample. P < 0.05, compared with -30 min-value using the paired t test. P < 0.05, compared with 0 min-value using the paired t test.
sympathetic nervous system activity and increased thermogenic sensitivity to norepinephrine. Norepinephrine also stimulates thermogenesis in man (26) (27) (28) , although not as much as in small mammals (29) , and this effect is prevented by beta adrenergic blockade (28) . Propranolol reduces RMR in obese women on weight-maintenance diets, but not obese women on low energy diets (30) . Moreover, the catecholamine precursor L-dopa prevents the fall in RMR associated with carbohydrate restriction in obese subjects (31) . These data suggest that the increase in RMR associated with human obesity (32, 33) is related to increased sympathetic nervous system activity.
In the present study, the effect of beta adrenergic blockade was studied in the postprandial state, because food intake stimulates sympathetic nervous system activity (10, 11) , and therefore, sympathetic nervous system-mediated dietary thermogenesis should be greater after a meal than after an overnight fast. The dose of propranolol used in the present study, which abolishes the increase in thermogenesis associated with the marked catecholamine secretion caused by glucoprivation (34), had no effect on preprandial Vo2 but reduced the postprandial Vo2 by -5%. However, the effect of propranolol on Vo2 was the same before and during overfeeding. This finding does not support the hypothesis that overfeeding stimulates sympathetic nervous system-mediated thermogenesis in man.
Meal-induced thermogenesis is related to the energy requirements for protein, glycogen, triglyceride, and urea synthesis, and for active absorption of nutrients (18) , although it is not clear whether these processes can account for all of the postprandial increase in RMR. We have previously suggested that sympathetic nervous system stimulation may contribute to the thermic effect of carbohydrate (10, 11). Rothwell et al. have reported that acute propranolol administration abolished the rise in Vo2 induced by a meal in rats, suggesting a beta adrenergic-sympathetic mechanism for the thermic effect of feeding (35) . In the present study, propranolol reduced the thermic response to a meal by -20%, which suggests a small sympathetic component to meal-induced thermogenesis in man. However, without further control experiments it is impossible to determine if this effect is due to a gradual effect of propranolol on base-line RMR rather than a specific effect on the thermic effect of feeding.
We found no increase in the thermic effect of a meal after overfeeding, as was reported by Miller et al. (36) . However, Miller et al. fed subjects larger test meals during overfeeding, whereas we continued to give a standard meal. Since postprandial RMR was measured for only 2 h, which is not long enough to observe the full thermic effect of feeding, it is quite possible that we failed to measure a delayed increase in the thermic effect of feeding. Miller et al. observed that the thermic effect of a meal was increased by overfeeding most dramatically when it was measured during exercise, but we have studied only resting subjects. Stock (37) has found that exercise potentiates the thermic effect of a meal after one day of overfeeding, but not after one day of fasting. Bray et al. (38) also found that exercise potentiates the thermic effect of a meal, but that overfeeding 4,000 kcal/d for 30 d did not magnify this effect.
The thermic effect of norepinephrine was unaffected by carbohydrate overfeeding. This observation is consistent with preliminary reports that the thermic effect of norepinephrine in man is not enhanced by overfeeding of mixed diets (39, 40) and is in marked contrast to the enhanced thermic effect of norepinephrine during overfeeding in rats (5) . A possible explanation for the failure of overfeeding to enhance the thermic effect of norepinephrine in man is that the amount of brown adipose tissue in adult man is relatively small compared with the amount of brown adipose tissue in the rat. In the rat the dominant site of norepinephrine-induced thermogenesis is brown adipose tissue, although skeletal muscle may also be involved (41, 42) .
Inhibition of lipolysis with nicotinic acid reduces the thermic effect of norepinephrine by 50% in man, indicating that FFA mobilization is an important factor in norepinephrine-induced heat production (26) . In the present study, overfeeding with carbohydrate attenuated the increases in plasma FFA and glucose concentrations produced by norepinephrine, and therefore, may have partly inhibited the thermogenic response to norepinephrine. This inhibition of FFA and glucose responses may be due to the slightly higher insulin levels during overfeeding.
Since T3 is a potent thermogenic hormone, and since overfeeding elevates T3 production (4), it is tempting to speculate that overfeeding-induced changes in T3 production mediate dietary thermogenesis. However, direct evidence that increased T3 production mediates dietary thermogenesis is lacking. Acheson and Burger (43) reported that inhibition of T3 production by iopanoic acid, which caused decreases in serum T3 levels that are of the same order of magnitude as those observed with dietary restriction, did not affect RMR in euthyroid subjects. In view of the fact that thyroxine levels were increased by iopanoic acid (43) Neuronal reuptake is the primary mechanism for clearing released norepinephrine, and therefore plasma norepinephrine levels represent only the small fraction of norepinephrine that diffuses from synapses into the circulation. Estimation of norepinephrine release by infusion of tracer doses of tritiated norepinephrine has indicated that overfeeding increases release of norepinephrine into the circulation by 81% while increasing plasma norepinephrine levels by only 25% (44) . Thus, the failure of overfeeding to increase basal norepinephrine levels or VMA excretion does not exclude the possibility of elevated norepinephrine turnover in this study. The fact that standing norepinephrine levels and supine pulse rate were increased by overfeeding suggests that there was in fact some stimulation of sympathetic nervous system activity during overfeeding in the present study. Nevertheless, the failure of propranolol to alter RMR suggests that any stimulation of sympathetic nervous system activity that may have occurred was not sufficient to have a significant effect on resting thermogenesis.
Little is known about the increase in plasma norepinephrine levels and plasma renin activity associated with meals. We have previously found that glucose ingestion increases norepinephrine levels, whereas protein or fat ingestion do not (10, 11) . Thus the composition of the meal may be an important determinant of the sympathetic response. Since sympathetic nervous system stimulation increases plasma renin activity (45) , it is conceivable that the plasma renin activity response to a meal is related to increased sympathetic nervous system activity. Plasma renin activity initially fell after propranolol administration and then tended to rise (albeit not a statistically significant rise) after the meal, which suggests that the meal-induced stimulation of plasma renin activity may not be fully explained by beta adrenergic stimulation. A possible factor in the meal-related increases in plasma renin activity and norepinephrine levels is an increase in blood flow to splanchnic organs, causing reduced pressure in other organs and stimulation of baroreceptors involved in norepinephrine and renin secretion. Another possible explanation is that postprandial insulin secretion increases norepinephrine levels (46) and plasma renin activity. One mechanism whereby insulin may increase plasma renin activity is by reducing plasma K+ concentration (47) .
The failure of overfeeding to increase blood pressure is not surprising in light of the fact that overfeeding does not increase blood pressure in normotensive rats (48) , in spite of the fact that cardiac norepinephrine turnover is enhanced by overfeeding in these rats (6) (7) (8) . However, spontaneously hypertensive rats do exhibit increased blood pressure during overfeeding (48) , suggesting that individuals with a genetic tendency towards hypertension may be more susceptible to overfeeding-induced changes in blood pressure. It is interesting that the subject whose blood pressure rose markedly during the norepinephrine infusion had an increase in mean arterial pressure of -10 mmHg during overfeeding, whereas none of the other subjects had increased blood pressure.
Insulin promotes renal sodium reabsorption (49) , and therefore may cause plasma volume expansion and increased blood pressure. In the present study, basal insulin levels were elevated by -50% as early as 5 d after the start of overfeeding, without an increase in blood pressure. However, basal insulin levels remained well within normal limits, even though they were increased by carbohydrate overfeeding. Perhaps a greater degree of hyperinsulinemia is needed to produce enough sodium retention to cause a detectable increase in blood pressure.
Caloric restriction reduces the blood pressure and plasma renin activity of obese patients, regardless of sodium intake (50) . However, the fact that overfeeding did not alter blood pressure or plasma renin activity in the present study, together with the fact that the reduction in blood pressure and plasma renin activity associated with caloric restriction takes several weeks to occur (50) , indicate that hyperphagia per se is not the cause of elevated blood pressure or plasma renin activity in many obese individuals. The effects of carbohydrate overfeeding on postprandial glucose tolerance, insulin levels, and carbohydrate disposal in these subjects are discussed elsewhere (51) . Briefly, we found that carbohydrate tolerance, carbohydrate oxidation, and conversion of carbohydrate to fat were all increased during overfeeding, whereas postprandial insulin levels were not increased.
It should be noted that the base-line diet was not a weight-maintenance diet. This was done intentionally to ensure that no subject would gain weight during this period, even with the relative inactivity associated with being housed in the Clinical Research Center. Because underfeeding decreases sympathetic nervous system activity (12, 13, 52, 53) , it seemed appropriate to slightly underfeed the subjects in the base-line period to increase the probability of finding an increase in sympathetic nervous system-mediated thermogenesis during overfeeding. If it is assumed that the weight-maintenance requirement was 1.5 X BMR (54), then the subjects received an average of 87% of weightmaintenance energy during the base-line period, and 143% of weight-maintenance energy at the end of overfeeding. Since sodium intake was maintained at 150 meq/d during the base-line period, it is unlikely that there was any stimulation of sympathetic nervous system activity due to plasma volume contraction associated with the slight weight loss of 1-2% during the base-line period.
Ready access to a large variety of palatable foods may circumvent normal physiological regulation of energy intake in a large segment of the population, making spontaneous overfeeding and subsequent obesity the most prevalent nutritional disease in our society. Although overfeeding inevitably produces weight gain, the rate and magnitude of weight gain is influenced by dietary thermogenesis. The possibility that some individuals with a genetic tendency for obesity fail to increase thermogenesis during overfeeding therefore warrants investigation.
